A photoelectrochemical ͑PEC͒ process was developed to remove the irregular top layer from InP porous nanostructures. After anodic formation of a nanopore array, the PEC process repeated in the same electrolyte under illumination. The etching rate of the pore surfaces was strongly associated with their structural properties, being greater in the irregular top layer. The irregular top layer was completely removed by monitoring and controlling the anodic photocurrents in the ramped bias mode. © 2008 The Electrochemical Society. ͓DOI: 10.1149/1.2844216͔ All rights reserved.
A lot of research has been devoted to producing high-density arrays of nanostructures due to both their applications to future quantum electronic and optoelectronic devices and to downsizing chemical and biochemical sensors. 1 The porous structure formed by the electrochemical anodic process is one of the more promising building-block candidates of the aforementioned devices. The porous alumina made from aluminum films has particular promise 2, 3 because of its unique nanohole array structures, which are formed in a self-organized manner, and has been used as a template for various devices. The direct formation of porous structures has also been reported on semiconductor materials such as Si, [4] [5] [6] GaAs, 7, 8 GaP, 9, 10 InP, [11] [12] [13] GaN, 14 and CdSe. 8 The structural properties and their tunability have been intensely investigated on III-V materials in an effort to improve electrical and optical properties.
We recently succeeded in anodically forming arrays of straight nanopores on n-InP͑001͒ substrates. [15] [16] [17] The nanopores were laterally separated by InP nanowalls several tens of nanometers thick and formed in a straight vertical direction greater than several tens of micrometers. We previously reported that pore diameter and wall thickness can be controlled by adjusting the electrochemical anodic and cathodic conditions. 17 However, a disordered irregular layer usually forms during the initial stage of pore formation and partly remains on top of the ordered porous layer. Because this irregular layer has a thickness in the range from a few hundred nanometers to several micrometers, it degrades electrical and optical properties. Thus, complete removal of the irregular top layer has been one of the key issues in wide application of porous nanostructures for semiconductors.
We report here on a photoelectrochemical ͑PEC͒ process developed to completely remove the irregular top layer from the InP porous surfaces. The PEC process can be repeated continuously after porous structures are anodically formed in the same electrolyte. Our present approach is much simpler and more controllable than other methods such as dry etching and conventional chemical etching.
Our PEC process is schematically shown in Fig. 1a . The template porous structures were first formed by an anodic reaction in the dark, 16 and then the porous surface was photoelectrochemically etched in the same electrolyte under illumination. A series of electrochemical processes was conducted using a standard cell with three electrodes: a semiconductor electrode as a working electrode ͑WE͒, a Pt counter electrode, and a saturated calomel electrode ͑SCE͒ as a reference. In this study, a ͑001͒ n-type InP electrode ͑n = 1 ϫ 10 18 cm −3 ͒ was used as a WE, whose potential, V s , with respect to SCE, was precisely controlled by a potentiostat with a function generator. An electrolyte consisting of 1 M HCl ͑200 mL͒ with HNO 3 ͑3 mL͒ was used throughout the experiment.
A constant bias was first applied to the semiconductor electrode to obtain high-density porous structures. Figure 1b shows typical scanning electron microscope ͑SEM͒ images of the template porous sample formed at V s = 5 V for 60 s. As previously reported, 16 the straight nanopores in the array were over 10 m in depth, but the irregular layer partially remained on the top of the ordered porous structure. A cross-sectional SEM image showed that the total thickness of the anodized porous region was 27.6 m including the irregular top region with a thickness of 4.1 m. The average pore diameter of the present template was about 30 nm, which is much less than the pore diameter observed in the straight pore region under the irregular top layer. 16 After the pores were formed, we attempted to remove the irregular top layer using PEC etching under the illumination of a tungsten lamp with an intensity of 10 mW/cm
2 . An anodic bias was applied in the ramped mode to control the etching depth by controlling the number of cycles in the ramped bias and to investigate the effect of the PEC process on the porous surface by voltammetry.
The solid curve in Fig. 2 shows the measured anodic current obtained on the InP porous template during six cycles of continuously applied ramped bias under illumination. V s was swept at a rate of 50 mV/s from 0 to 1 V in the positive direction and then in the negative one, as shown in the inset waveform. As shown in Fig. 2 , the highest current density of 5.3 mA/cm 2 was observed at V s = 1 V in the first cycle. When the ramped bias was repeatedly applied, the current peaks observed in each cycle gradually decreased and then approached the saturation value of 4.0 mA/cm 2 . The result obtained here indicates that the InP porous surface was undergoing some anodic reaction under illumination. However, the behavior of the current transition obtained here is different from that usually obtained on a planar semiconductor electrode. When planar InP substrate was subjected to ramped bias, 18 the photocurrents increased as the number of ramped bias cycles increased because the passive layers, such as native oxides, were anodically dissolved.
Figures 3a and b are plan-view and cross-sectional SEM images of the sample after application of three and six cycles of ramped bias, respectively. We found that the PEC process greatly modified the surface morphology. As shown in Fig. 3a , the lateral size of pores were larger than those of the porous template shown in Fig.  1b . We observed in the SEM cross section that the thickness of the irregular top layer on the porous template decreased from 4.1 to 1.4 m.
Application of six cycles of ramped bias completely removed the irregular top layer, and the regular array of straight pores appeared on the surface, as shown in Fig. 3b . It is important to remember that the pore shape was a square defined by four equivalent ͕100͖ planes, which is similar to the shape of the porous structures after the cathodic decomposition process. 17 This similarity is due to the strong dependence of the etching rate on crystal orientation, where the ͕100͖ planes preferentially appeared on the wall surface due to their slow etching rate. The lateral thickness of the InP nanowalls was less than 20 nm near the surface, which is thinner than the initial value of the template porous sample. These results indicate that the porous surface was etched by a PEC reaction. 
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The etching rate of the InP porous nanostructures was investigated using SEM observation. Figure 4 shows the plot of the etching depth, d, measured from the top surface as a function of the cycle number of the ramped bias applied during the PEC process. It was found that there was an inflection point in the etching curve around the fifth cycle. The surface of the InP porous structure started to be etched at a rate of 1.2 m/cycle. After the inflection point, as shown in Fig. 4 , the etching rate decreased appreciably to less than 0.2 m/cycle. This behavior is consistent with the current transition seen in Fig. 2 . It seems clear that the etching rate decreased along with the anodic currents, contributing to the electrochemical dissolution of the InP porous surface.
One explanation for this is that the amount of anodic photocurrents was strongly associated with the structural properties of the InP porous nanostructures. At the beginning of the PEC process, the surface etching started with a large photocurrent due to the hole generation caused by the illumination in the irregular pore region. After the complete removal of the irregular layer with a thickness of 4.1 m, the etching rate decreased, as shown in Fig. 4 , because the effective area subjected to illumination became small on the surface, with InP nanowalls being thinner in the straight pore region. This model qualitatively explains the observed behavior on the PEC etching of the InP porous nanostructures. These results indicate that the 
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Electrochemical and Solid-State Letters, 11 ͑5͒ H111-H113 ͑2008͒ H112 irregular top layer can be completely removed from the surface of InP porous nanostructures by the PEC process controlling and monitoring the anodic photocurrents.
In summary, a PEC process was developed to remove the irregular top layer from porous InP nanostructures. The PEC etching was conducted in ramped bias mode under illumination, and the complete removal of the irregular layer was made possible by monitoring and controlling the anodic photocurrents. The results obtained here are promising for practical application of these unique InP nanostructures, which cannot be formed using conventional methods.
